Previously developed techniques that have been used to extract envelopes of Rossby wave packets are based on the assumption of zonally propagating waves. In this note a method that does not require such an assumption is proposed. The advantages of the new technique, both on analytical and real-world examples, are demonstrated.
Introduction
Techniques to extract envelopes of Rossby wave packets are useful tools in studying the dynamics of storm tracks (e.g., Chang and Yu 1999; Chang 2000) . Such techniques can also be utilized in the practice of numerical weather prediction to track the origin of important forecast changes that occur because of localized changes in the initial conditions (e.g., Szunyogh et al. 2002) . Such forecast changes are important because of their rapid speed of propagation and their potentially large magnitude. These properties often make the tracking of such changes feasible in the short and early medium-range forecasts (up to about 5 days). For instance, on rare occasions a current forecast can be of lower quality than the forecast issued at the previous analysis time (e.g., 6 or 12 h earlier); such cases usually occur when a localized group of bad observations is assimilated or the analysis scheme has difficulties assimilating a localized group of good observations. On the other hand, a sudden forecast improvement can occur after the assimilation of observed information in a region where model errors led to unusually large degradation of the forecasts started at earlier analysis times. "Rossby wave thinking" has been successfully used at the European Centre for Medium-Range Weather Forecasts (ECMWF) to "blacklist" observing stations that were determined to have reported bad observations, to detect problems with the data assimilation system, and to identify regions where model errors were significant (Persson 2000) .
Rossby wave packet-type propagation can be tracked subjectively [visually inspecting the difference between two forecasts (Persson 2000) ], by plotting Hovmöller diagrams (e.g., Persson 2000; Szunyogh et al. 2000 Szunyogh et al. , 2002 , or by employing techniques for extracting the envelopes of the wave packets at a given atmospheric level to provide a two-dimensional picture of the their propagation (e.g., Chang and Yu 1999; Chang 2000; Szunyogh et al. 2002; Zimin et al. 2003 ). This paper is concerned with the latter approach: extracting Rossby wave envelopes from forecast data. Techniques for accomplishing this have been based on the assumptions that (i) the atmospheric flow can be decomposed into a large-scale basic flow that is slowly varying in time, and a transient component that may include synoptic-scale Rossby waves, and (ii) when Rossby waves are present their propagation is guided by the basic flow.
In Zimin et al. (2003, hereafter ZEA03) , we proposed a Hilbert transform-based technique (Gabor 1946) to extract the packet envelopes along latitude circles. This technique was later utilized at ECMWF to aid their error-tracking efforts (F. Grazzini 2004, personal communication) . While the technique has performed well on most occasions, there has also been a small number of cases with less satisfactory results. For example, the technique sometimes indicated multiple wave packets at nearby latitudes, although all other information suggested a single wave packet (F. Grazzini 2004, personal communication) .
We illustrate the problem by examining a case of targeted weather observations from the Winter Storm Reconnaissance 2000 field program (Szunyogh et al. 2002) . In this case, the two forecasts we compare are started at the same analysis time and the forecast differences are due to differences in the analyses within a localized region over the northeast Pacific Ocean. The targeted observations collected in that region were assimilated only into one of the forecasts. Figure 1a shows that at the 12-h-forecast lead time, the added observa- tions led to a forecast in which there was a deepening of a shallow trough off the coast of California and amplification of a downstream ridge over the western part of the United States. This pattern suggests that the dominant part of the forecast influence propagated in the form of a packet of synoptic-scale Rossby waves. To support this conclusion, we show that the magnitude of the difference between the two forecasts is comparable to the magnitude of the envelope extracted from the difference field in the wavenumber range 4-11. We first attempt to achieve this goal by applying the technique of ZEA03 to the scalar field defined by the difference between the meridional component of the wind at the 300-hPa level in the two forecasts (this difference field is shown by color contour lines in Fig. 1b) .
The ZEA03 method recovers the packet envelope from a scalar atmospheric field (s). Appropriate to computations on a grid, we assume s to take on discrete values, s ϭ j␦ where j ϭ ϪN, . . . , 0, . . . , N. The Fourier transform of (s) is defined by
where the integer k denotes the longitudinal wavenumber. The quantity (k) is then multiplied by a filter function f (k):
This filter removes all wavenumber components except for a band between positive wavenumbers k min and k max (k min ϭ 4 and k max ϭ 11 in our example). Then the wave packet envelope A(s) along the latitude circle is computed as the magnitude of the inverse Fourier transform of 2f(k) (k). Note that, since the filter retains only positive k components, the inverse transform of f(k) (k) is complex. In our example, one would expect, based on Fig. 1b , that if a detectable packet envelope were found in the required wavenumber range, it would be a coherent envelope whose maxima would overlap with the maxima of . Instead, the extracted envelope has two distinct zonally elongated centers: one primary center at around 37.5°N and a secondary center at around 27.5°N. We conjecture that this split of the extracted envelope is an artifact of the ZEA03 technique, which occurs when the basic flow guiding the evolution of the wave packet is strongly nonzonal. To better understand our reasoning for making this conjecture, we note that by applying the Fourier transform along latitude circles, we implicitly assume that the basic flow guiding the evolution of the wave packet is zonal. We also note that the alternative technique used in the literature (Chang and Yu 1999; Chang 2000) , that is, the method of complex demodulation (Bloomfield 2000) , makes the same assumption, and has the additional shortcoming that it distorts the packet envelopes when wave packets of similar carrier wavenumbers coexist at the same latitude (ZEA03) .
In what follows, we provide an analytical example to demonstrate that incorrectly assuming zonality of the basic flow can lead to an artificial split of the packet envelope, and we also introduce an improved algorithm that does not require the assumption of a zonal basic flow. We note that the new algorithm retains the assumption that the flow can be reasonably decomposed into a slowly varying basic component and a transient part, and that the Rossby waves tend to propagate along the basic flow. Phenomenology indicates that, while these assumptions are not exactly true, they are reasonable approximations. We also show that the technique based on these assumptions can markedly improve upon the algorithms based on the more restrictive assumption of a zonal basic flow.
Analytical example
In this example, the angle between the direction of the basic flow and the zonal direction is 45°, and the wave packet envelope modulates a spatially sinusoidal wave (Fig. 2) . More precisely, the wave packet has the following functional form:
where ␣ ϭ 1/350, ␤ ϭ 1/40, k ϭ 7(2/144), and ␥ ϭ 1. All variables are specified on the 73 ϫ 144 grid with x varying from Ϫ71 to ϩ72, and y varying from Ϫ36 to ϩ36. Figure 2c demonstrates that the technique of ZEA03 distorts the shape of the wave packet envelope A(x, y), indicating two zonally elongated centers of the wave packet. On the other hand, as shown in Fig. 2d , the envelope recovered with the technique to be described in section 3 is essentially identical to the envelope of the original signal (Fig. 2b) .
Our new technique
In the new method we apply a filter algorithm similar to that of ZEA03 to an atmospheric variable (s) defined along a segment of a streamline of the basic flow instead of along a latitude circle. Suppose we have an atmospheric variable (x, y), and the basic flow evaluated at a fixed geopotential height has zonal and meridional components u(x, y) and (x, y). We assume that all variables are specified on a rectangular grid. The algorithm contains three steps as follows: 1) For each grid point (x 0 , y 0 ) we find a piecewiselinear approximation of a streamline defined by (u, ) in the neighborhood of (x 0 , y 0 ). If x is measured in units of longitude and y is measured in units of latitude, then the point (x 1 , y 1 ) that lies a distance ␦ in the direction of the streamline from (x 0 , y 0 ) is
Here ␦ has the same units as y. The factor cos y 0 compensates for the decreasing zonal distance between grid points near the poles. We determine (x 2 , y 2 ), (x 3 , y 3 ), . . . , (x N , y N ) iteratively according to the same formula with shifted indices, and determine We choose N␦ to be roughly the length of a latitude circle. 2) We now have points with coordinates (x j , y j ), j ϭ ϪN, . . . , ϩN. We interpolate the atmospheric variable of interest onto each such point (x j , y j ). We then localize (x j , y j ) using a Gaussian filter function centered at j ϭ 0:
We choose 1/␣ to be roughly the length of the wave packet we wish to analyze, as a fraction of the length of the latitude circle. 3) Taking s ϭ j␦, with (s) given by (x j , y j ) for |s| Յ ␦N, we input this new definition of (s) into the algorithm described in ZEA03 to obtain the amplitude A(x j , y j ). We estimate the wave packet envelope at (x 0 , y 0 ) by the amplitude A(x 0 , y 0 ) at the center point.
We repeat the above three steps for every grid point.
The packet envelope in Fig. 1d is obtained using the same input variable (x, y) as in Fig. 1c [recall that (x,  y) is the difference between the meridional wind component in the two forecasts]. We use ␦ ϭ 1.75°, N ϭ 90, and ␣ ϭ 4. The basic flow (u, ) was defined by a 20-day average of the wind field, shown by solid black contour lines in Fig. 1b . The Cϩϩ/MATLAB Mex code for the technique is available from the authors. Figure 1d illustrates that the new method does substantially better in tracking the alternating trail of positive and negative velocity difference contours (Fig. 1b) , and, in addition, does not show the small additional spurious peak that results from application of the method of ZEA03.
